Introduction
Keratin, a recalcitrant fibrous structural protein, is the third most abundant polymer in nature after cellulose and chitin [1] . As the structural components of skin, hair, nails, feathers, horns, hooves, fish teeth, and wool, it is difficult to degrade owing to its hydrophobic interactions, strictly packaged protein chains, high rate of disulfide bonds, and hydrogen bonds [2] . The disposal of keratinous wastes has attracted increasing attention because of the large volumes of waste that are generated by poultry farms annually. For example, in China, millions of tons of feathers are fabricated annually with the rapid development of livestock farming, the accumulation of which is a problem that leads to environmental pollution [3] . However, keratinaceous waste streams provide an inexpensive and underexploited source of protein and amino acids in most parts of the world, such as those of pig bristles and feathers [4] .
Conventional disposal methods of keratinaceous wastes, such as alkaline hydrolysis and steam pressure cooking, result in ecological problems, have a high energetic cost, and cause nutritionally essential amino acid loss while promoting non-nutritive amino acid formation [5, 6] . It will be a better choice to transform keratin into animal feed with use of biological processes. Keratinases are more effective than common proteases such as trypsin and pepsin, as they have a special ability to hydrolyze complex and hard structure keratins that exhibit high resistance to recalcitrance and mechanical stress [7] . To date, there are no efficient and reasonable methods to digest animal-derived keratin wastes or by-products. Because of their ability to secrete keratin-dissolving protease, bacteria, actinomycetes, and fungi are known for their ability to utilize feather waste. [8] [9] [10] [11] . However, previous studies have reported that because of catalytic efficiency and heat stability loss, the commercial utilization of keratinases is limited; that is, the low activity of keratinases or thermal inactivation is a common problem [12, 13] . Thus, the screening of microorganisms that can produce thermophilic and alkaliphilic keratinase is meaningful [14] . Thermoactinomyces spp. are a potential source of thermostable keratinases and have been used to identify a diversity of thermostable proteases [15, 16] . Some Thermoactinomyces spp. [3, 17] are known to degrade keratins. We had previously screened and isolated a feather-degrading strain from high-temperature poultry compost in Nanjing, China, and based on its morphology and 16S rRNA identification, the isolate was tentatively named Thermoactinomyces sp. YT06. The aerobic thermophilic bacterium was very effective in the enzymolysis of whole chicken feathers at 60°C and high pH values, which seemed to be related to the extracellular keratinase activity. The aim of this present study was to investigate the optimization conditions of different physical factors for the secretion of thermostable keratinolytic proteases and characterize the crude enzymes. The findings of this study suggest that Thermoactinomyces sp. YT06 is a promising candidate to digest feather waste into bioaccessible protein that can be used as a valuable ingredient in animal feed.
Materials and Methods

Microorganism and Media
Thermoactinomyces sp. YT06 was isolated from manure compost of Nanjing Ningliang Biofertilizer Company, China. Strain YT06 was cultured in 5 ml of Luria-Bertani (LB) medium [18] at 60°C for 16-18 h. Next, 0.5 ml of the seed culture was inoculated into 50 ml of the basal liquid medium in a 250 ml flask (10 g/l chicken feathers, 0.5 g/l NaCl, 0.1 g/l MgCl Chicken feathers were obtained from a market and washed with water until completely clean. Next, the feathers were cut into pieces (~1 cm) and further dried at 50°C until constant weight before being used as the only carbon and nitrogen sources in the minimal liquid medium.
Optimization of Keratinase Production Conditions
Different carbon sources, namely glucose, maltose, sucrose, lactose, wheat bran, and starch (10 g/l), were individually put into basal liquid media to optimize the culture for keratinase production. Basal medium without a complementary carbon source was used as a control.
Different nitrogen sources, namely yeast extract and peptone (10 g/l), urea, (NH
, and NaNO 3 (4 g/l), were added to basal liquid media with 10 g/l sucrose to choose the best culture medium for keratinase secretion. Basal medium without a complementary nitrogen source was used as a control.
The basal liquid media with optimal carbon and nitrogen sources were regulated to different initial pH values (6, 7, 8, 9, 10, 11, and 12) with HCl and NaOH to optimize the culture conditions for keratinase production.
Different chicken feather concentrations (0, 2.5, 5, 10, and 20 g/l) were used in the basal liquid media with optimal carbon and nitrogen sources to measure the keratinase activity after a 48-h incubation to determine the optimal keratinase production conditions.
After culturing Thermoactinomyces sp. YT06 in the optimal medium at 60°C and 180 rpm for 0, 24, 48, 72, 96 or 120 h, the mixture was centrifuged at 10,000 ×g for 10 min and the residual feathers were discarded, and the supernatants were used for the following experiments.
Enzyme Activity Determination
The assays were performed as previously described [19] with some modifications. The keratinase activity was measured using 1% (w/v) soluble keratin (TCI, Japan), and the protease activity was assayed using 1% (w/v) casein (Aladdin, China) as the substrate at 65°C. Diluted keratinases were added to 200 μl of 50 mM Gly-NaOH buffer (pH 9.0) and 100 μl of soluble keratin (1% (w/v)), with mixtures incubated at 65°C for 20 min. The incubation was terminated by the addition of 200 μl of 4% (w/v) trichloroacetic acid and then centrifuged again as above. Next, 200 μl of supernatant was pipetted into a tube containing 1 ml of 4% (w/v) Na . One unit of enzyme activity was defined as the amount of enzyme needed to produce 1 μg tyrosine from substrate per minute. The protein concentration was assayed according to the manufacturer's instructions using a Bradford protein assay kit (Jiancheng, China).
Free Amino Acid Determination
Free amino acid concentrations were determined by a precolumn derivatization method using high-performance liquid chromatography (Agilent 1100) with varying composition gradient elution and a programmable UV wavelength detector set at 338 and 262 nm (Pro, Hypro) as described by Gatti et al. [20] .
Characterization of the Enzymes Produced by Thermoactinomyces sp. YT06
Effects of temperature and pH on enzyme activity. To research the optimal reaction temperature, we set up different temperatures (40°C, 50°C, 60°C, 70°C, and 80°C) in 50 mM glycine-NaOH buffer (pH 9) to determine the enzyme activity. Maximum activity was considered as 100% and the activity at different temperatures was calculated as a percentage.
To study enzyme thermostability, the enzyme supernatants were pre-incubated at 30°C, 40°C, 50°C, and 60°C in glycineNaOH buffer (50 mM, pH 9) for different time intervals, after which the residual activity was measured. The initial value was regarded as 100%, and the percentage of the initial value was expressed for residual activity.
To investigate the vintage pH for enzymatic activity, several buffers at different pH values (4, 5, 6, 7, 8, 9, 10, and 11) were used to incubate the enzymes. The supernatant was incubated in different buffers at 60°C, and the pH stability was determined after a 3-h incubation in different treatment groups at 4°C. Next, the enzyme activity was measured, and the calculation method was the same as described above. Effects of metal ions, protease inhibitors, and reducing agents on enzyme activity. The effects of different metal ions, protease inhibitors, and other reducing agents on the keratinase activity were detected by assaying the enzyme activity as described above after pre-incubation with the following chemicals for 1 h at room temperature: CaCl (1 mM), β-mercaptoethanol (1%), phenyl methyl sulfonyl fluoride (PMSF) (1 mM), sodium dodecyl sulfate (SDS) (1%), ethylenediaminetetraacetic acid (EDTA) (1 mM), Triton X-100 (1%), Tween-80 (1%), and Tween-20 (1%). The activity was assayed as done for the other experiments.
Degradation of Chicken Feathers
The digestion of chicken feathers by the keratinase was carried out as described by Liang et al. [21] with minor modifications. Briefly, sterilized chicken feathers (2 mg) were reacted with enzyme supernatants (20 U/ml) in 5 ml of Tris-HCl buffer (50 mM, pH 9) including 0.5% β-mercaptoethanol at 60°C for 72 h with shaking.
SDS-PAGE and Zymography and Mass Spectrometry of Protein
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted as described by Laemmli [22] to detect the protein molecular weight after staining with Coomassie Brilliant Blue R-250 (Bio-Rad Laboratories, USA).
Keratin zymography staining was performed as Jaouadi et al. [23] described with some modifications. For the analysis, 0.1% keratin (TCI) was incorporated into the 12% separation gel. The keratinase protein band was excised and decomposed with a protease to break the protein into specific peptide bonds based on the amino acid sequence, producing a pool of peptides. The whole mixture was then analyzed by MALDI-TOF (Ultraflex II; Bruker, Germany) to obtain a mass spectrum. According to the MS and MS/MS spectra combination, proteins were identified based on a more than 95% confidence interval of their scores in the MASCOT search engine (ver. 2.3; Matrix Science, USA), using the NCBInrBacteria database as search parameters.
Nucleotide Sequence Accession Number
The YT06 16S rRNA sequence has been deposited in GenBank under the accession number KY454474.
Results and Discussion
Degradation of Chicken Feathers by Strain YT06
Microbial keratinases are mainly located extracellularly when cultured in keratinous substrates [24] . A zone of clearance around colonies of strain YT06 was observed when cultured in LB plates with skim milk, which indicated the activity of extracellular protease (Fig. 1A) . Fig. 1B shows that chicken feathers were partially degraded after treatment with YT06 for 24 h, and practically complete degradation of chicken feathers was monitored after 48 h of incubation in a shaking culture (180 rpm) at 60°C. Thermoactinomyces sp. YT06, isolated from poultry compost, can efficiently degrade chicken feathers at relative high temperatures and may be a precious source of enzymes for keratin degradation because of its latent activity at megathermal temperatures and its ability to grow with oxygen. The feather hydrolysate produced by Thermoactinomyces sp. RM4 contained indole-3-acetic acid and displayed plant growth-promoting activity [17] . Some additional Thermoactinomyces species were observed to have the ability to degrade feathers completely when cultured at high temperatures using feathers as the unique source of carbon and nitrogen in medium but with mineral salt [3] .
Carbon and Nitrogen Sources, Initial pH, and Feather Concentration for Keratinase Production
Keratinase production by microorganisms is affected by culture factors, such as carbon and nitrogen sources, temperature, pH, and so on, and different factors have particular effects on different species [25] . Thermoactinomyces sp. YT06 could use chicken feathers as the only carbon and nitrogen sources for its proliferation, but supplementation with easily metabolized carbon and nitrogen sources in the medium may increase growth and promote enzyme production. The addition of a complementary carbon source was observed to greatly affect keratinase production ( Fig. 2A) . The keratinase activity was significantly increased to 15.7 U/ml after the addition of sucrose to the medium and culturing for 2 days. However, other carbon sources inhibited the keratinase production. Glucose had a positive influence on the yield of keratinase by Bacillus licheniformis RG1 [26] . For fungi, starch is often a more effective substrate than some monosaccharides or disaccharides in keratinase production [27, 28] . However, these effects are not observed for all microorganisms.
As shown in Fig. 2B , the nitrogen source NaNO Many proteases have been reported to be most effective in an alkaline range, which was beneficial in various industrial uses [29] . A suitable initial pH for keratinase production by Thermoactinomyces sp. YT06 was assessed at different initial values between pH 6 and 10 (Fig. 2C) . The optimum pH was 10. These results are consistent with previous studies that indicated that our keratinase could be regarded as an alkaline protease [23] . An alkaline pH possibly is helpful for keratin degradation, since at higher pH, modifications of cystine residues to lanthionine makes the keratin structure vulnerable to keratinase hydrolytic action [30] , and thus, alkaline keratinases are industrially researched and used for various purposes.
Thermoactinomyces sp. YT06 keratinase was inducibly produced, which occurred only in the presence of feathers as an exogenous inducer. Similar inducibility has been found in varities of microorganisms [26, 31] . The keratinase activity was observed to increase with increasing feather concentration in the cultivation medium (Fig. 2D) . The optimum feather concentration for keratinase production was observed to be 1% under submerged conditions. Higher amounts of feathers were not considered, since they may cause substrate inhibition to inhibit keratinase production, resulting in a low degradation level of feathers [17] .
Time Course of Protease and Keratinase Activities from Thermoactinomyces sp. YT06
Thermoactinomyces sp. YT06 was cultured in liquid medium containing 10 g/l of chicken feathers at 180 rpm and 60°C for 120 h. The highest observed protease and keratinase activities were 110 and 42 U/ml after 48 h, respectively (Fig. 3) . Soluble protein increased from 24 to 72 h and decreased slightly from 72 to 120 h. The maximum soluble protein observed was 155 μg/ml. The increase in keratinase activity seemed to be relevant to soluble protein increase, which showed that keratinase activity was decided by the growth of strain YT06. During cultivation, the soluble proteins gathered may be due to enzyme secretion together with keratin solubilization. Table 1 shows that the total free amino acid concentration in the culture filtrate was 0.016 mg/ml before inoculation of YT06. After degradation for 48 h, the total free amino acid concentration in the culture filtrate was measured as Fig. 3 . Time-course recordings of the development of protease and keratinase activities in culture broth supernatant from Thermoactinomyces sp. YT06 growing on 1% (w/v) chicken feathers.
Release of soluble protein from the substrate is also given in the graph. The data are expressed as the means ± SD (bars) of three independent experiments. 3.2406 mg/ml, which was approximately 200 times greater than that in the initial culture filtrate. Wang et al. [32] found that feather keratin is rich in various amino acids, like glycine, serine, leucine, proline, and alanine. In our research, high concentrations of glycine, valine, aspartic acid, glutamic acid, and arginine were detected in culture broth inoculated with strain YT06 with feather degradation. The results indicated that Thermoactinomyces sp. YT06 has promising potential for feather degradition, which was relevant to the high-value by-products of the feather keratin.
Characterization of the Feather-Degrading Enzymes Produced by Thermoactinomyces sp. YT06 Influence of temperature and pH on enzyme activity. Most keratinases from different bacteria could remain active in a broad range of pH values (8.0-11.0) and temperatures (40-60°C) [14] . In the present study, the enzyme was active at temperatures ranging from 40°C to 80°C and had optimal activity at 65°C (Fig. 4A) . The relative activities calculated at 40°C and 80°C were 32% and 69%, respectively. The enzyme exhibited thermostability, as it retained 100% and 85% of activity for 4 h at 50°C and 60°C, respectively. However, at temperatures over 70°C, the enzyme had no activity (Fig. 4B) . The activities at pH 6 and 7 were 56% and 74%, respectively. The keratinase was regarded as an alkaline protease as it shows optimal keratinolytic activity at pH 9.0 (Fig. 4C) . The keratinase was active over a broad pH range and maintained greater than 90% of activity when located to pH values between 7 and 11, and approximately 81% of activity at pH 6, as shown in Fig. 4D . High temperatures and alkaline pH promote keratin degradation efficiently. Keratinases with better thermostability and activity over a wide pH range are important for industrial applications. Keratinase activity has been reported for some thermophiles, such as Meiothermus ruber H328 [6] , Fervidobacterium spp. [33] , and Thermoanaerobacter spp. [34, 35] , but a large number of these species are anaerobes. Taking the practical application into account, aerobically cultivable thermophiles are preferred as they need less specialized equipment than the anaerobic ones [6] .
Influence of Metal Ions, Protease Inhibitors, and Reducing Agents on Enzyme Activity
The keratinase from YT06 was partially inhibited by Fe (Table 2 ). Mn 2 + greatly stimulated the keratinase activity (relative activity 196.4%), as it did the enzyme from Streptomyces pactum strain Cpt29 [36] . The enzyme activity was noted to be strongly inhibited by 1 mM PMSF, a common inhibitor of serineproteases [24] , suggesting that the enzyme was part of the serine protease family, although this result requires further investigation. The keratinase activity was decreased by 1 mM EDTA. Different detergents, such as Tween-80 and Tween-20, promoted the keratinase activity to a certain degree. The keratinase activity of strain YT06 was partly inhibited by SDS and Triton X-100 detergents, whereas β-mercaptoethanol enhanced the activity significantly by more than 6-fold compared with the control.
With 0.5% β-mercaptoethanol, the crude enzyme of strain YT06 could degrade chicken feathers completely, involving both barbules and rachises. However, no significant disintegration of chicken feathers was determined when there was no reducing agents present (Figs. 5A, 5B ). This result indicates that the reduction of disulfide bonds plays a major role in the degradation of the intact keratin structure. The addition of reducing agents or enzymes capable of breaking disulfide bonds accelerates the proteinhydrolyzing activity of keratinase to allow for complete degradation of the whole keratin substrate [24, 37] . The reducing agent is necessary for high efficient enzymolysis of feathers or other keratin materials by proteases.
SDS-PAGE Electrophoresis and Zymography
Crude enzyme was separated by SDS-PAGE, and zymogram activity staining showed a clear band of keratinolytic activity for the crude enzyme that co-migrated with a protein having a molecular mass of 35 kDa (Fig. 6) . The molecular mass of keratinases differs from 18 to 200 kDa The data are expressed as the means ± SD (bars) of three independent experiments.
Fig. 5.
In vitro degradation of chicken feathers by extracellular crude enzyme in the (A) presence (+) or (B) absence (−) of 0.5% β-mercaptoethanol (β-ME).
according to a previous report [14] , with most having molecular masses of approximately 20-60 kDa. The band P1 was identified by MALDI-TOF mass spectrometry, with two peptides (QAIEGTADQISGTGQYWAHGR and GAV VVAAAGNESTSAPSYPAYYEK) determined by PMF to match the alkaline serine protease from Thermoactinomyces sp. Gus2-1 (Accession No. WP_ 037995056). 
